Transcriptomic analysis of the SSV2 infection of Sulfolobus solfataricus with and without the integrative plasmid pSSVi  by Ren, Yi et al.
Virology 441 (2013) 126–134Contents lists available at SciVerse ScienceDirectVirology0042-68
http://d
n Corr
E-mjournal homepage: www.elsevier.com/locate/yviroTranscriptomic analysis of the SSV2 infection of Sulfolobus solfataricus with
and without the integrative plasmid pSSViYi Ren a, Qunxin She b, Li Huang a,n
a State Key Laboratory of Microbial Resources, Institute of Microbiology, Chinese Academy of Sciences, No. 1 West Beichen Road, Chaoyang District, Beijing, PR China
b Danish Archaea Centre, Department of Biology, University of Copenhagen, Ole Maaløes Vej 5, Copenhagen Biocenter, DK-2200 Copenhagen N, Denmarka r t i c l e i n f o
Article history:
Received 28 December 2012
Returned to author for revisions
25 January 2013
Accepted 15 March 2013
Available online 8 April 2013
Keywords:
Archaea
Sulfolobus
Fuselloviridae
SSV2
pSSVi
Viral-host interaction
Virus-plasmid interaction
Transcriptome22/$ - see front matter & 2013 Elsevier Inc. A
x.doi.org/10.1016/j.virol.2013.03.012
esponding author. Fax: þ86 106 480 7429.
ail address: huangl@sun.im.ac.cn (L. Huang).a b s t r a c t
The fusellovirus SSV2 and the integrative plasmid pSSVi, which constitute a unique helper-satellite virus
system, replicate in Sulfolobus solfataricus P2. In this study, we investigated the interplay among SSV2,
pSSVi and their host by transcriptomic analysis. Following infection of S. solfataricus P2, SSV2 activated its
promoters in a temporal and distributive fashion, starting from the transcription of ORF305. Expression
of several host genes encoding DNA replication and transcription proteins was up-regulated, suggesting
that SSV2 depended heavily on the host replication machinery for its replication. SSV2 gene expression
appeared to follow a similar pattern in S. solfataricus P2 harboring pSSVi to that in S. solfataricus P2
lacking the plasmid. Several early genes of the virus were transcribed earlier and more efﬁciently in the
presence of pSSVi than in its absence. These results provide valuable clues to the understanding of the
three-way interactions among SSV2, pSSVi and the host.
& 2013 Elsevier Inc. All rights reserved.Introduction
A surprising number of archaeal viruses with unique morphol-
ogies and genomic contents have been isolated in the past
decades. Many of them are derived from organisms belonging
to the order Sulfolobales (Peng et al., 2012; Pina et al., 2011). The
Sulfolobus virus SSV1 was the ﬁrst fusiform virus isolated in
Archaea (Martin et al., 1984). This spindle-shaped virus contains
a 15.5-kb covalently closed circular DNA genome with 34 open
reading frames (ORFs) (Palm et al., 1991) and is the prototype of
the family Fuselloviridae, which currently has nine members (Palm
et al., 1991; Peng, 2008; Redder et al., 2009; Stedman et al., 2003;
Wiedenheft et al., 2004). It is one of the most extensively studied
archaeal viruses. The fusellovirus SSV2, isolated from Sulfolobus
islandicus REY15/4, bears signiﬁcant resemblance to SSV1 both in
shape and in genome organization. SSV2 has a genome size of
14.7-kb with 34 putative ORFs (Arnold et al., 1999; Stedman et al.,
2003). However, initiation of viral replication appears to be
regulated differently in the two viruses. While SSV1 DNA replica-
tion in the infected host cell is strongly induced in response to UV
irradiation (Martin et al., 1984), SSV2 replication in the natural
host is induced concurrently with the halt of host growth in a latell rights reserved.growth phase (Contursi et al., 2006). Furthermore, when intro-
duced into a foreign host (e.g., Sulfolobus solfataricus) by infection
or transformation, SSV2 inhibits the growth of host cells. However,
the virus settles down in the host rapidly, entering the lysogenic
state, such that the virus no long exerts inhibition on cell growth
(Contursi et al., 2006).
In additional to these unique viruses, several interesting
plasmids have been isolate from Sulfolobus (Arnold et al., 1999;
Greve et al., 2004; Keeling et al., 1996; Kletzin et al., 1999;
Prangishvili et al., 1998; Schleper et al., 1995; Stedman et al.,
2000; Wang et al., 2007). Among them, plasmids pSSVi and pSSVx
are packaged into virions in the presence of a fusellovirus. This
unique satellite-helper virus system was ﬁrst demonstrated for
pSSVx and SSV2, which coexisted in S. islandicus REY15/4
(Arnold et al., 1999), and, more recently, for pSSVi, isolated from an
S. solfataricus P2 strain, and SSV1 or SSV2 (Wang et al., 2007). The
helper virus SSV1 or SSV2 replicates more efﬁciently in the
presence of pSSVi than alone. pSSVi has a small covalently closed
circular genome of 5.7 kb in size, and is predicted to contain eight
ORFs. The plasmid resembles episomic pRN plasmids isolated from
Sulfolobus strains in genome organization, but shares signiﬁcant
similarity with the latter in only one ORF (copG). Notably, the
replication protein encoded by pSSVi (ORF735) is only distantly
related to pRN RepA. RepA from pRN1 displays primase, DNA
polymerase and ATPase activities (Lipps et al., 2003), whereas
pSSVi ORF735, the largest ORF of the plasmid, encodes a
Fig. 1. Growth of Sulfolobus solfataricus P2 and S. solfataricus P2 (pSSVi) following
SSV2 infection. The cultures were grown to an OD600 of 0.3, harvested and
resuspended in Zillig's basal salt solution. The cells were mixed with an SSV2
virion stock or basal salt solution as control. Following incubation for 30 min at
75 1C, the cell suspension was added to pre-warmed medium. The infected cultures
were incubated with shaking at 75 1C. Samples for microarray analysis were taken
as indicated. ■, uninfected P2; ○, P2 infected with SSV2; ▾, uninfected P2 (pSSVi);
♢, P2 (pSSVi) infected with SSV2.
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protein interacts with the noncatalytic subunit of the host pri-
mase, presumably serving a role in recruiting the host replication
machinery to replicate plasmid DNA. It is worth noting that pSSVi
encodes a SSV-type integrase while pSSVx does not. The integrase,
encoded by ORF336, catalyzes site-speciﬁc integration of the
plasmid into a tRNA gene of the host genome and the excision
reaction. Therefore, pSSVi may exist in either a free or an
integrated form in the host cell. These properties, along with the
ability to spread as a virus particle in the presence of a helper
virus, make pSSVi a highly versatile genetic element.
Viral-host interactions in crenarchaea have been examined at
the level of gene expression. When induced by UV irradiation,
SSV1 transcription proceeds in a chronological pattern, producing
the UV-speciﬁc very early transcript (T-ind), the early and the late
transcripts. SSV1 DNA replication starts just before the synthesis
of the late transcripts (Frols et al., 2007). On the other hand,
Sulfolobus turreted icosahedral virus STIV displays no apparent
temporal regulation of viral gene transcription after infection
(Ortmann et al., 2008). Likewise, Sulfolobus rod-shaped viruses
SIRV1 and SIRV2 start transcription at multiple sites in the genome
without signiﬁcant temporal regulation (Kessler et al., 2004). Since
SSV2 replication is apparently triggered in a different manner from
that for SSV1, it would be of interest to compare the patterns of
gene expression of the two viruses in their host cells. A further
point of interest would be the interplay among SSV2, pSSVi and
their host at the level of gene expression. In this report, we
determined the transcriptomes of SSV2, the host S. solfataricus
and, when the host harbored pSSVi, the plasmid during viral
infection, providing novel insights into the viral-host and viral-
plasmid-host interactions.Fig. 2. Copy numbers of the SSV2 genome in infected cells. Samples were taken at
indicated time points and the total DNA was prepared. The target SSV2 gene p26
and the calibrator gene sso10b were quantiﬁed with qPCR using the two standard
curve quantiﬁcation method. ■, P2 infected with SSV2; , P2 (pSSVi) infected
with SSV2.Results
Infection of Sulfolobus solfataricus with or without pSSVi by SSV2
SSV2, a fusellovirus originally isolated from S. islandicus REY15/4,
is able to infect S. solfataricus P2, retarding host growth (Contursi
et al., 2006). In the present study, we sought to examine the
process of transcriptional activation during SSV2 infection of
the host cell. Our preliminary experiments showed that it took
nine hours for infecting SSV2 to turn on all the viral genes in the
host cell under the conditions employed in this study. To learn if
SSV2 infection would affect host growth during this period of time,
we determined the growth curves of S. solfataricus P2 and
S. solfataricus P2 (pSSVi) following infection with SSV2. No sig-
niﬁcant differences were observed in growth between the infected
cultures and their uninfected controls during the tested period
(Fig. 1). However, growth retardation of the infected cultures
occurred after further incubation as OD600 values of ~0.7 and
~0.9 for the infected and uninfected P2 cultures, respectively,
and OD600 values of ~0.8 and ~1.0 for the infected and uninfected
P2 (pSSVi) cultures, respectively, were obtained at 24 h p.i., as
expected from the previous study (Contursi et al., 2006).
To determine the patterns of SSV2 replication in the infected
host cells, we followed the time course of change in viral DNA in
copy number by qPCR (Fig. 2). For the ﬁrst three hours after
infection, the copy number decreased in both P2 and P2 (pSSVi),
presumably because the viral DNA had not started to replicate in
the host cells which were actively dividing. The SSV2 DNA began
to increase at 4.5 h p.i. in the P2 cells. By comparison, SSV2
replication appeared to start at 6 h p.i. in P2 (pSSVi), slightly later
than in P2, but follow the same trend of change as that in P2.
In the liquid culture of P2 (pSSVi), pSSVi existed predominantly
in the integrated form with the free plasmid barely detectable byusing PCR targeting the attA and attP sites (Wang et al., 2007). To
quantify free and integrated pSSVi in the cells following SSV2
infection, DNA samples taken at various time points were sub-
jected to analysis by Southern hybridization. As shown in Fig. 3,
the amount of integrated pSSVi was constant throughout the
entire tested period, whereas free pSSVi was not detectable
initially and showed a continued increase after 6 h. The increase
in the amount of pSSVi in the infected cells appeared to have
resulted from replication of the free plasmid rather than excision
of the integrated plasmid DNA. By 12 h p.i., the ratio of free to
integrated plasmid reached 4–5 in the infected cell. Small virus
particles, which presumably contained the pSSVi DNA (Wang et al.,
2007), were ﬁrst detected at 10.5 h p.i. and subsequently increased
in number with time, as observed under electron microscope
(Supplemental Fig. S1). Taken together, our results suggest that
pSSVi may depend on SSV2 for its replication, and the delay in the
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P2, may be due to competition between SSV2 and pSSVi for the
replication machinery, which presumably includes viral-encoded
components.Transcriptional proﬁling of the SSV2 genome in the infected cells
To learn how SSV2 genes are turned on upon infection of a S.
solfataricus host, we determined the transcriptional pattern of the
virus by microarray analysis (Fig. 4 and Supplemental Table 2).
SSV2 resembles SSV1 in genome organization, suggesting that
they may generate similar transcripts (Stedman et al., 2003). Based
on the conserved sequence features of promoters and terminators
found in SSV1 (Reiter et al., 1988a, 1988b), we predict the presence
of seven non-overlapping transcripts in SSV2 and term them after
their counterparts in SSV1 (Fig. 4). The ﬁrst viral gene found to be
expressed following the infection was ORF305. The gene, detect-
able at 1 h p.i., was on a monocistronic transcript. The ORF305
mRNA was the most abundant among all viral transcriptionFig. 3. Analysis of the integrated and free forms of pSSVi in SSV2-infected
S. solfataricus (pSSVi) cells. Total DNA was prepared and digested with BglII. The
restriction fragments were resolved by agarose gel electrophoresis and subjected to
Southern analysis. The membrane was analyzed by a Phosphorimager. The free and
integrated forms of pSSVi are represented by bands of 5.7 kb and 4.6 kb, respec-
tively. The ratios of free pSSVi to integrated pSSVi are shown at the bottom.
Fig. 4. Time courses of transcription of the SSV2 genes following infection of S. solfataricu
analysis, is shown by an outer circle, in which the transcribed and untranscribed ORFs a
corresponding oligonucleotide probe on the array is represented by a white arrow. Predproducts throughout the tested period. By comparison, SSV1_A291,
an ORF305 homolog, was up-regulated at 6 h after UV induction
(Frols et al., 2007). Expression of the genes encoding two coat
proteins VP1 and VP3 was detected at 2 h p.i. The two genes,
located adjacently in the genome but far from ORF305, were
transcribed as a single transcript. Both genes were transcribed
actively in the remainder of the infection cycle. SSV1 VP1-3 genes
were up-regulated at 6 h following UV induction (Frols et al.,
2007). Transcription of ORF88a and ORF106, two separate genes
oriented in opposite directions and linked with neither ORF305
nor VP1/VP3 genes, was detectable at 3 h p.i. Genome transcrip-
tion accelerated between 3 h and 4.5 h p.i. By 4.5 h p.i., a total
of 15 genes had been turned on, which presumably included
ones encoding proteins required for efﬁcient transcription from
SSV2 promoters. These genes are located exclusively on a stretch
spanning non-contiguously from 4.8 kb to 14.3 kb in the genome.
At this time point, the copy number of the viral genome started to
increase, suggesting that active viral DNA replication was occur-
ring, and mature virions were observed in the culture ﬂuid. Based
on these observations, we conclude that SSV2 transcription may
be divided into an early and a late stages, separated at 4.5 h p.i. In
addition to possible roles in viral transcription, the early gene
products appear to serve key functions in viral DNA replication,
packaging and release of progeny virions.
In the late stage, the number of transcribed genes continued to
increase. Nine more genes, primarily situated on two transcripts,
were up-regulated at 6 h p.i. Among them, ORF328 (the Int gene)
was probably transcribed as an independent unit since the gene,
while located at the 3′-end of a transcript, was transcribed earlier
than genes upstream of it. Viral integration was ﬁrst detected at
7.5 h p.i. (Supplemental Fig. S2), suggesting integration occurred at
a rather late stage during SSV2 infection. By 7.5 h p.i., nearly all the
probes detected target sequences. ORF72 and ORF79a, two genes
arranged in tandem and, notably, located in a region correspond-
ing to Tind in SSV1, were up-regulated last at 9 h p.i.
Host response to SSV2 infection in gene expression
To determine how S. solfataricus P2 responded to infection by
SSV2, we mixed a sample of concentrated P2 cell suspension with
a virus stock for 30 min at 75 1C. The mixture was transferred tos cells with the virus. The status of SSV2 transcription, as determined by microarray
re indicated by arrows in black and those in gray, respectively. The ORF without a
icted transcripts are shown with arrows in an inner circle.
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host genes were found to be differentially expressed at moderate
levels at 1 h p.i. However, transcription of most of these genes
quickly returned to the level of the uninfected control, suggesting
that changes in their expression may have resulted from the
host response to the experimental manipulation (Supplemental
Table 5). Only three host genes were slightly up-regulated
between 2 h and 4.5 h p.i. Differential expression of a large
number of host genes occurred between 6 h and 9 h p.i., when
SSV2 underwent active DNA replication and transcription. From
2 h to 9 h p.i., a total of 226 genes were up-regulated, as compared
to the uninfected control culture. Among them, 140 genes showed
a 1.5~2-fold increase in transcription, 74 genes were up-regulated
by 2–4 folds and 12 genes by 44 folds. On the other hand,
transcription of a small number of genes (~11) was down-regu-
lated, and only one gene was down-regulated by more than 2 folds
in this period. The ﬁnding that very few genes showed a drastic
response (with a change of 44 folds) in expression to viral
infection is consistent with the absence of apparent difference in
growth between the infected and the uninfected cells. Many of
the differentially expressed genes, especially down-regulated ones,
encode hypothetical proteins. Genes up-regulated between 2 h and
9 h p.i. encode putative functions including primarily those for
transport, energy metabolisms, cellular processes, etc. (Table 1).
Notably, a number of host genes associated with replication and
transcription were up-regulated after SSV2 infection (Table 2). Genes
encoding replication proteins Cdc6-1 (SSO0257), PolB1 (SSO0552),
MCM (SSO0774), PCNA-2 (SSO1047), TopoVI (SSO0969 and SSO0968)
and reverse gyrase (SSO0963) were up-regulated. Intriguingly, Cdc6-1
and PolB1 genes were up-regulated by four folds. These proteins may
play important roles in viral DNA replication. On the other hand,
transcription of genes for RpoF (SSO0751) and TFB2 (SSO0946), two
transcription proteins, and a transcriptional regulator (SSO1255) wasTable 1
Distribution of differentially regulated genes assigned to various functional groups.
Functional groupa Gene expressionb
Up-regulated genes Down-regulated genes
P2 P2 (pSSVi) P2 P2 (pSSVi)
Amino acid biosynthesis 5 5 1 8
Cell envelope 5 1 0 1
Cellular processes 10 3 0 2
Central intermediary Metabolism 1 1 0 0
Cofactor biosynthesis 5 5 1 5
Energy metabolism 14 15 0 10
Helicases 2 0 0 0
Function unknownc 108 73 8 35
Lipid metabolism 6 4 0 4
Proteases 2 1 0 1
Protein modiﬁcation 1 0 0 0
Purines and pyrimidines 5 4 0 1
Regulation 2 0 0 0
Replication and repair 9 7 0 0
Transcription 3 1 0 3
Translation 1 0 0 1
Transport 18 8 1 5
Transposon 3 5 0 0
STIV-infection differentially
regulated gene
7 6 0 0
Uncategorized 5 4 0 1
Not annotated gene 14 19 0 7
Total 226 162 11 84
a Gene products and putative functions are derived from the website for the
Sulfolobus solfataricus P2 complete sequencing project.
b The number indicates the total number of differentially expressed genes in
a group.
c Hypothetical proteins with no putative function.also enhanced, and these proteins were probably involved in viral gene
expression.
In a previous study, microarray analysis identiﬁed 20 unanno-
tated host genes that were up-regulated in S. solfataricus P2 cells
infected with STIV (Ortmann et al., 2008). Interestingly, seven of
these genes were also up-regulated in SSV2-infected cells (Table 1).
Transcription of SSO6806, one of the seven genes, increased by 150
folds, as compared to 16 folds for the next most highly up-regulated
host genes. Conceivably, the host genes differentially expressed in
response to infection by either SSV2 or STIV encode important
functions required for steps shared by the two viruses in their infection
cycles.
Interplay among SSV2, pSSVi and Sulfolobus solfataricus P2
To gain insight into the three-way interactions among SSV2,
pSSVi and the host cell, we infected S. solfataricus P2 (pSSVi) with
SSV2 and monitored the changes in transcription of the three
genomes during the course of infection. First, we determine if
pSSVi genes were expressed in P2 (pSSVi) by comparative micro-
array analysis of RNA samples from exponentially-grown cultures
of P2 and P2 (pSSVi). The plasmid contains eight genes, seven of
which are detectable by probes on the array. Six genes targeted by
oligonucleotide probes were found to be transcribed constitutively
in the host cell, whereas transcription of the Int gene or the 3′- end
portion of the partitioned gene in the integrated plasmid was not
detected (Fig. 6 and Supplemental Table 4).
We then infected P2 (pSSVi) with SSV2. As in the case of SSV2
infection of P2, the virus turned on the transcription of its entire
genome in 9 h. The transcriptional proﬁle of SSV2 in P2 (pSSVi) is
also similar to that in P2 (Fig. 5). As found in SSV2 infection of P2,
transcription of ORF305 and genes encoding the coat proteins
began at 1 h and 2 h p.i., respectively, and increased with time in
the tested period of time. However, the levels of transcription of
these genes were higher than those in the infected P2. Further-
more, several viral genes were expressed earlier in P2 (pSSVi) than
in P2. Transcription of ORF82a, ORF100 and ORF61, three early
genes in the infected P2, was detectable at 1 h p.i., and kept at low
levels before the onset of viral replication at 6 h p.i. ORF809,
ORF79 and ORF176, which were presumably transcribed as a single
transcript, were also expressed earlier in P2 (pSSVi) than in P2.
It appears that the above genes were transcribed in the absence
of viral-encoded transcriptional factors, and their transcription
was signiﬁcantly up-regulated in P2 (pSSVi). On the other hand,
products of some of the late genes of SSV2 in infected P2 (i.e.,
ORF276, ORF328, ORF211, ORF310, ORF57 and ORF126) accumu-
lated even later in P2 (pSSVi). Since the onset of SSV2 DNA
replication occurred earlier in P2 than in P2 (pSSVi), there was
approximately three and six times as much viral DNA in P2 than in
P2 (pSSVi) at 4.5 h and 9 h p.i., respectively (Fig. 2). The difference
in the availability of the viral DNA template may have resulted in
the greater abundance of late gene products in P2 than in P2
(pSSVi) during this period of time. Based on these observations,
we speculate that SSV2 employed similar cascades of regulatory
control in gene expression upon infecting P2 whether the host
contained pSSVi or not.
P2 (pSSVi) exhibited a pattern of change in gene expression
similar to that of P2 after SSV2 infection as many differentially
expressed host genes were similar in both infected cultures. Since
SSV2 DNA replication started later in P2 (pSSVi) than in P2 and the
copy number of the viral DNA in P2 (pSSVi) at 10.5 h p.i. (5.2/cell)
became close to that in P2 at 9 h p.i. (4/cell), we compared the
transcriptomes of the two hosts at these two respective time
points. A total of 162 and 84 genes were up- and down-regulated,
respectively, in P2 (pSSVi) during the period from 2 h to 10.5 h
following SSV2 infection (Table 1). Of up-regulated genes, 8, 33
Table 2
Up-regulation of selected functional groups of genes in P2 and P2 (pSSVi).
Gene locus Gene product a Functional groupa Host
SSO0257 Cell division control 6/orc1-like protein (Cdc6-1) Replication and repair Both
SSO0552 DNA polymerase I (Pol B1) Replication and repair Both
SSO0774 Minichromosome maintenance protein MCM Replication and repair Both
SSO0963b Reverse gyrase Replication and repair P2
SSO0968 DNA topoisomerase VI subunit B Replication and repair Both
SSO0969b DNA topoisomerase VI subunit A Replication and repair P2
SSO1047b Proliferating cell nuclear antigen (PCNA-2) Replication and repair P2
SSO2156b Endonuclease IV-like protein Replication and repair P2
SSO2250 DNA repair protein Replication and repair Both
SSO2472 Deoxyribodipyrimidine photolyase (photoreactivating enzyme) Replication and repair P2 (pSSVi)
SSO8948 DNA-binding protein, conserved dbpA homolog Replication and repair P2 (pSSVi)
SSO0751 DNA-directed RNA polymerase subunit F (RpoF) Transcription Both
SSO0946 Transcription factor B 2 (TFB2) Transcription P2
SSO1255 Transcriptional regulator Transcription P2
SSO12109 Not annotated STIV-infection differentially regulated gene Both
SSO2596b Not annotated STIV-infection differentially regulated gene P2
SSO5605 Not annotated STIV-infection differentially regulated gene Both
SSO6689 Not annotated STIV-infection differentially regulated gene Both
SSO6806 Not annotated STIV-infection differentially regulated gene Both
SSO6830 Not annotated STIV-infection differentially regulated gene Both
SSO7086 Not annotated STIV-infection differentially regulated gene P2
SSO10827 Not annotated STIV-infection differentially regulated gene P2 (pSSVi)
a Gene products and putative functions are derived from the website for the S. solfataricus P2 complete sequencing project.
b Genes that were signiﬁcantly up-regulated at 12 h p.i. in the infected P2 (pSSVi) cells.
Fig. 5. Comparison of transcriptional proﬁles of SSV2 following infection of S. solfataricus P2 with and without pSSVi. The level of transcription for each viral gene at a given
time, as determined by microarray, is shown by a color block representing a fold-change value in the log scale (Table S2 and S3). Genes, which were not signiﬁcantly
transcribed (fold-change o1.5 or p40.05), are shown in gray.
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1.5–2 folds, respectively. Only one gene was down-regulated by
44 folds, and 15 genes by 2–4 folds. So fewer host genes were up-
regulated while more host genes were down-regulated in P2
(pSSVi) than in P2. Notably, for genes that were up-regulated in
both P2 and P2 (pSSVi), changes were generally greater in the
former than in the latter. Some of the up-regulated genes in viral-
infected P2 showed a delayed increase in transcription in P2
(pSSVi) (12 h p.i.), presumably, due to a generally reduced level
of transcription in the host containing both genetic elements.
Many of the up-regulated DNA replication and transcription genesin SSV2-infected P2 were also up-regulated in viral-infected P2
(pSSVi) (Table 2). It is worth noting that signiﬁcantly up-regulated
transcription of the gene encoding RpoF (SSO0751) started at 1 h
p.i. and was maintained throughout the transcription cycle in P2
(pSSVi), but only appeared at 6 h p.i. in P2, providing a possible
explanation for the efﬁcient transcription of viral genes during the
early stage of infection in P2 (pSSVi).
No signiﬁcant changes in the expression of pSSVi genes were
detected until 7.5 h following SSV2 infection (Fig. 6). Since up-
regulated expression of the Int gene was not accompanied by a
reduction in the amount of integrated plasmid (Fig. 3), integration,
Fig. 6. Transcription pattern of pSSVi in S. solfataricus P2 (pSSVi) following SSV2
infection. pSSVi genes, whose up-regulated transcription was initiated at 7.5, 10.5 h
and 12 h, are shown in purple, pink and gray, respectively. Constitutively expressed
genes are marked by an asterisk. ORF121, for which no corresponding oligonucleo-
tide probe was available on the array, is represented by a white arrow. The attP site
of pSSVi is also indicated.
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apparently favored. Transcription of ORF735 and ORF57, possibly
situated on the same transcript, was up-regulated at 10.5 h p.i.,
while the rest of the plasmid genes (ORFc56, ORFc150, ORF182 and
ORF87) showed elevated expression at 12 h p.i. ORF735 encodes a
superfamily 3 DNA helicase with a potential role in pSSVi DNA
replication (Guo and Huang, 2010). ORF57 shares sequence simi-
larity with CopG and is probably involved in the copy number
control of the plasmid (Wang et al., 2007). GC-skew analysis
predicts the presence of origin of replication in the region over-
lapping with ORFc150, suggesting this ORF may not be a gene. In
agreement with this suggestion, immunoblotting using an anti-
body raised against the recombinant protein of ORFc150 failed to
detect any gene product in the infected cells (data not shown).
ORFc56, located upstream of ORFc150, is a homolog of pSSVx
ORFc68. It encodes a 6.5-kD DNA-binding protein that is able to
bind to its own promoter (data not shown), presumably control-
ling the transcription of its own coding gene and that going
through the downstream replication origin. The functions of
ORF121, ORF182 and ORF87 remain unclear. Given that the
integrated form of pSSVi appeared to exist constantly whereas
the free plasmid started to increase in copy number at 6 h p.i, it
seems that the up-regulation of the transcription of the plasmid
genes resulted from an increase in the copy number of free
plasmid and, probably, a subsequent increase in the expression
of genes on the free plasmid, but not an increase in the expression
of the integrated plasmid.Discussion
SSV2 turns on genome transcription in a temporal fashion
during viral infection of S. solfataricus P2. In addition, transcription
of early viral genes appears to display a distributive pattern as the
genes activated successively are not adjacently located. Transcrip-
tion of ORF305 occurs ﬁrst, followed by that of the coat protein
genes located distally. By comparison, SSV1 undergoes tight
chronological regulation of transcription upon induction by UV
irradiation (Frols et al., 2007). Transcription starts from the UV-
inducible promoter T-ind, followed by promoters ﬂanking T-ind.
The observed difference between SSV1 and SSV2 in transcription
pattern may be related to the fact that SSV1 was induced by UVirradiation whereas SSV2 started replication upon infection of a
foreign host.
Homologs of ORF305 are found in various fuselloviral genomes
as well as in the genomes of S. islandicus, S. solfataricus and
Metallosphaera yellowstonensis. Primary structure prediction reveals
that ORF305 encodes a putative membrane protein with a signal
peptide at its N-terminus and a transmembrane segment in the
middle, probably playing a role in virus docking and release. Among
other SSV2 early genes, ORF106 possesses a conserved domain present
in transcriptional factors of the MarR superfamily and, thus, is likely
involved in viral transcription. ORF155, ORF82b and ORF100, putative
zinc ﬁnger proteins, are probably involved in protein-DNA interactions.
Deletion of SSV1_B129, homolog of ORF155, resulted in the loss of
the ability of SSV1 to infect its host (Iverson, 2012). ORF809, the largest
SSV2 gene, is speculated to be a ﬁlament protein in the adhesive tail of
the virus (Redder et al., 2009). The functions of all the SSV2 late genes
except for the Int gene remain to be understood. ORF112, whose
transcript was detected at 7.5 h, encodes a HTH domain-containing
protein, possibly, involved in the regulation of late gene expression as
proposed for SSV1_B115, a homolog of ORF112 (Frols et al., 2007).
Several host genes encoding functions in DNA replication were
similarly up-regulated in both infected P2 and infected P2 (pSSVi),
providing clues to essential viral-host interactions. Among the
three S. solfataricus Orc1/Cdc6 genes, which encode replication
initiator proteins, only Cdc6-1 was up-regulated in the infected
cells. A similar observation is reported for SSV1 (Frols et al., 2007).
In comparison, both Cdc6-1 and Cdc6-3 are up-regulated in
S. solfataricus cells infected with STIV (Ortmann et al., 2008). It is
speculated that this protein may play a role in the initiation step
of viral DNA replication by collaborating with a viral-encoded
protein and subsequently recruiting host replication proteins.
Consistent with this suggestion, expression of other host DNA
replication proteins is also up-regulated. These include MCM, the
replicative DNA helicase (Barry and Bell, 2006), PolB1, the primary
replicative DNA polymerase (Klimczak et al., 1985), and PCNA2, a
subunit of the trimeric sliding clamp capable of interacting with
PolB1 (Dionne et al., 2003). Taken together, our results suggest a
scenario in which SSV2 hijacks host proteins required for nearly all
steps, beginning with initiation, in viral DNA replication. Increased
expression of the host replication genes prevents reduction in host
DNA replication which would otherwise occur as a result of viral
recruitment of the host enzymes for viral replication. Up-regulated
host genes also include those encoding reverse gyrase and
topoisomerase VI, enzymes responsible for maintaining the topol-
ogy of both the host and the viral genomes. Expression of genes
encoding reverse gyrase during STIV infection and Topo VI during
SSV1 replication was also elevated (Frols et al., 2007; Ortmann
et al., 2008). Presumably, the two topoisomerases participate in
viral DNA transactions such as DNA replication following viral
infection, and reverse gyrase is also involved in making the SSV2
genome positively supercoiled for packaging into mature virions
(Nadal et al., 1986).
SSV2 appears to employ a similar strategy in transcription to
that in DNA replication with respect to their dependence on host
proteins. Genes encoding RNA polymerase subunit F (Rpo4 or
RpoF), TFB2 and a putative transcriptional regulator (SSO1255)
were up-regulated in the SSV2-infected P2 cells. Sulfolobus RNA
polymerase (RNAP) consists of 13 subunits, among which the
heterodimeric Rpo4-Rpo7 subcomplex forms the so-called stalk
(Korkhin et al., 2009). The Rpo4-Rpo7 subcomplex facilitates DNA
strand separation during the initiation phase of transcription,
increases the processivity of transcription during the elongation
phase and ensures efﬁcient termination (Grohmann and Werner,
2011; Wojtas et al., 2011). Since archaeal RNAP is unable to
recognize most promoters, TBP and TFB are required for accurate
and efﬁcient transcriptional initiation (Hausner et al., 1996;
Y. Ren et al. / Virology 441 (2013) 126–134132Qureshi et al., 1997). However, TFB2 and SSO1255 were not up-
regulated in SSV2-infected P2 (pSSVi).
The availability of the Sulfolobus-SSV2–pSSVi system permits a
unique view into the interplay among the helper and satellite
viruses and their shared host. SSV1 or SSV2 and pSSVi replicated
more efﬁciently when they were both present in the host cells
than alone (Wang et al., 2007). It appears that free pSSVi alone was
unable to replicate efﬁciently in the host since, following intro-
duction into the host cell, it quickly became undetectable after
several culture transfers (Wang et al., 2007). Following SSV2
infection, the episomal form of the plasmid increased along with
the onset of SSV2 viral DNA replication while the integrated form
of the plasmid remained unchanged, suggesting that SSV2 pro-
teins, possibly early gene products, played a facilitating role in the
initiation of plasmid DNA replication. Biochemical characterization
of the pSSVi-encoded superfamily 3 DNA helicase supports this
notion. The pSSVi helicase is capable of interacting with the host
primase, presumably recruiting the host replication machinery to
replicate the plasmid (Guo and Huang, 2010), but the enzyme does
not appear to be able to initiate DNA unwinding on pSSVi DNA on
its own.
Interestingly, expression of the pSSVi integrase gene was ﬁrst
up-regulated among the plasmid genes after pSSVi DNA replica-
tion was initiated. It is conceivable that the plasmid adopts a
survival strategy which favors integration over replication. Tran-
scription of selected SSV2 early genes was enhanced in P2
containing pSSVi as compared to that in P2 without the plasmid.
This is presumably related to earlier and more signiﬁcant up-
regulation of the expression of the host RpoF gene in the former
than in the latter. How pSSVi affects the expression of host RpoF
and whether the plasmid-encoded proteins directly inﬂuence
SSV2 replication/transcription remains to be understood. However,
it is clear that the presence of both the virus and the plasmid in
the cells resulted in greater inhibition on host transcription than
either alone.Materials and methods
Organisms and growth conditions
S. solfataricus P2 and S. islandicus REY31A were described
previously (Contursi et al., 2006). A S. solfataricus P2 strain
carrying an integrated copy of plasmid pSSVi [designated P2
(pSSVi)] was obtained as described (Wang et al., 2007). S. solfatar-
icus P2 and P2 (pSSVi) were grown in Zillig's basal salt solution
(Zillig et al., 1993) supplemented with 0.2% sucrose and 0.05%
yeast extract and adjusted to an initial pH of ~3.1. S. islandicus
REY31A was grown in Zillig's basal salt solution supplemented
with 0.1% tryptone, 0.05% yeast extract and 0.2% sucrose at an
initial pH of 3.5 (Contursi et al., 2006). Liquid cultures were
incubated at 75 1C with shaking at 150 rpm.SSV2 infection
S. solfataricus P2 and P2 (pSSVi) were grown to an OD600 of 0.3.
Cells were collected by centrifugation at 4000 g for 15 min at
4 1C and resuspended in Zillig's basal salt solution. The cell
suspension was mixed with an SSV2 virion stock prepared from
an S. islandicus REY31A culture, which was incubated for addi-
tional 4 h following the stop of the growth (Contursi et al., 2006).
After 30 min at 75 1C, the infected cells were inoculated into a pre-
warmed medium, and incubation was continued with shaking.RNA preparation and cDNA synthesis
Total RNA was extracted from Sulfolobus cells using the Trizol
reagent (Invitrogen) according to the manufacturer's instruction.
To synthesize cDNA, a sample (15–20 μg) of the total RNA was
mixed with random hexameric primers (6 μg) in a total volume of
13.9 μl. The mixture was incubated for 10 min at 70 1C and cooled
for 2 min on ice. The mixture was then adjusted to 0.5 μM each of
dATP, dCTP, dGTP, 0.3 μM dTTP (Amersham Pharmacia Biotech),
0.2 μM aminoallyl dUTP (Sigma), 40 U ribonuclease inhibitor
(Promega), and 400 U Superscript III Reverse Transcriptase (Invi-
trogen) in a reaction volume of 30 μl. The reaction was for 10 min
at 25 1C and then for 3 h at 42 1C. RNA was hydrolyzed by the
addition of 1 M NaOH (10 μl) and 0.5 M EDTA (10 μl), the subse-
quent incubation for 15 min at 65 1C. The reaction was neutralized
with 1 M HCl (10 μl). The cDNA was puriﬁed using a PCR puriﬁca-
tion kit (Qiagen) and dried.
Microarray hybridization
Microarrays used in this study were custom designed based on
the genome sequences of S. solfataricus P2 (She et al., 2001) as well
as six viruses (SSV1, SSV2, SSV3, SSVK1, SSVRH and STIV) and three
plasmids (pNOB8, pSSVi and pSSVx) from Sulfolobus species.
Oligonucleotide probes for all but two ORFs (ORF88c and ORF90)
in the SSV2 genome and an ORF (ORF121) in the pSSVi genome are
present on the array. Oligonucleotide probes (50–70 nt in size)
were made for nearly all the genes in the genomes. Microarray
hybridization was carried out as follows. The cDNA prepared from
SSV2-infected or uninfected cells was dissolved in 0.1 M Na2CO3
(pH 9.0, 4.5 μl). The sample was mixed with a DMSO solution of
Cy-3 or Cy-5 (4.5 μl, GE Healthcare). After incubation at room
temperature for 90 min in dark, the coupled cDNAs to be co-
hybridized were mixed and puriﬁed using the MinElute PCR
puriﬁcation kit (Qiagen). The ﬁnal hybridization mixture contained
5 SSC, 0.125% SDS, 45% formamide, 10 μg tRNA (Sigma) and 10 μg
salmon sperm DNA (Invitrogen) in addition to the labeled cDNA.
The sample was heated for 2 min at 95 1C, cooled for 1 min on ice
and spotted onto a microarray slide. After hybridization for 18 h
at 42 1C in a sealed and dark chamber, the slide was washed
sequentially with 2 SSC and 0.1% SDS at 42 1C, 0.1 SSC and 0.1%
SDS at 42 1C, and 0.1 SSC at room temperature. The slide was
dried immediately and scanned using an Axon 4000B scanner
(Molecular Devices).
Analysis of microarray data
Samples from three independent experiments were subjected to
microarray analysis. Since each probe was present in duplicate on a
microarray, a total of six data points were obtained for each gene at a
sampling time point. Raw data were ﬁrst extracted from scanned slide
images by using the GenePix Pro software. The primary information
was processes on the Bioconductor project platform using the R
programming language, and analysis of differential gene expression
was performed using limma package. The calculation entailed the
following steps: data import, background adjustment, normalization,
summarization and quality assessment. A linear model was ﬁtted to
estimate fold change for each gene, and Empirical Bayes was
applied to moderate the standard errors (Smyth and Speed,
2003; Smyth, 2004). All the spots on the array were assigned to
“gene”, “controls” and “blank”. Only spots with status “gene”
were employed in ﬁtting. Since each probe existed in two
copies on the slide, correlation coefﬁcient of duplicate spots
was also taken into account (Smyth et al., 2005). The candidate
genes with a fold-change of 41.5 as well as a p value of o0.05
were regarded as differentially expressed.
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Total DNA from Sulfolobus cells was isolated as described
previously (Xiang et al., 2005). For Southern hybridization, the
DNA was digested with Bgl II, and the resulting fragments were
resolved by agarose gel electrophoresis. Transfer of the DNA
fragments to an Nþ nylon membrane and subsequent hybridiza-
tion were carried out as described (Sambrook et al., 1989). The
oligonulceotide probe (Supplemental Table 1) was radiolabeled by
using the Random Primer DNA Labeling Kit (TaKaRa) in the
presence of [α-32P]dCTP (PerkinElmer). Following hybridization,
the membrane was analyzed by using a GE Typhoon
Phosphorimager.
For qPCR, genomic DNA was prepared as described for South-
ern hybridization. Both the target SSV2 gene and the calibrator
gene sso10b were ampliﬁed with speciﬁc primers (for qPCR
primers, see Supplemental Table 1). The reaction was assembled
as described in the instruction for SYBRs Premix Ex Taq™ II
(TaKaRa) and carried out on Rotor-Gene Q (Qiagen). Raw data
was analyzed by the Rotor-Gene Q series software. Each tested
gene was quantiﬁed by using the absolute quantitation method,
and the copy number of SSV2 was calculated by dividing
the amount of the target gene by the amount of the calibrator
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